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By Herschel J. Fivel, Leonard K. Tower, and James B. Gibbs 

A t  the time this report was writ ten the best data available 
on the thermodynamic and physical  properties of basic  oxide were 
used i n  computing  performance data.  Investigations now i n  progress 
indicate that some of these properties may be inaccurate.  For 
t h i s  reason  absolute  values of performance data presented  herefn 
must be viewed wi th  caution. However, re la t ive comparisons 
among different combustor configurations are probably  valid. 
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PENTABORAIE COMBUSTION PERFORMANCE IN 9.75-INCH-DIAMETER RA"JET 

ENGINE TIJ CONNECTED-PIPE ALTITUDE FACILITY 

By Herschel J. Fivel, Leonard K. Tower,  and James B. Gibbs 

SUMMARY 

The p e r f o m c e - o f  pentaborane f u e l  w a s  investigated in  e f l igh t -  
type,  9.75-inch-diameter ram- jet engFne  mounted i n  a connected-pipe alti- 
tude fac i l i t y .  A combustor configuration was developed that provided 
acceptable combustion performance for  the  equivalence-ratio range inves- 
tigated, 0.10 t o  0.93, asd fo r  coinbustor-inlet  pressures of 3.6 t o  29.9 
pounds per  square inch absolute. The configuration  consisted of E fuel 
injector having three  inject ion  ports   in  each of eight  tubes mounted 

flame  holder  with  eight segments, and a combustion-chamber length of 
45 inches. 

. radial ly  an a central  chamber, a 30-percent-blocked-area radial V-gutter 

V 

Combustor efficiency was above 85 percent  throughout  the  range of 
test conditions. A t  the  richest  equivalence ra-bio investigated, 0.93, 
the  air-specific impulse  value was 175 seconds.  Satisfactory  ignition 
and start ing  characterist ics were displayed over an equivalence-ratio 
range of 0.10 to 0.52. All combustor parts  withstood damage fo r   t he  
duration of the tests. Solid  deposits,  wtth a maximum layer  thicknees 
of 1/8 inch, were found on a l l  combustor parts,  but  the  engine perform- 
ance w a s  not affected. The data were extended to  include the estimated 
performance of a fl ight  vehicle along a proposed path of free-stream Mach 
number of 0.67 t o  1.80. 

INTRODUCTION 

Specif ic   fuels  are being  investigated at the  NACA Lewis laboratory 
i n  an e f fo r t   t o  &end the  range, thrust, and operational limits of jet-  
propelled aircraft. Analytical impulse  calculations  indicate  that boron 
hydride  fuels, which  have desirable  heating  values, are among those fuels 
that  could  provide  range and thrust  beyond that  poesible  with hydrocarbon 
fue ls  (ref. 1). Aerodynamic analyses have predicted ranges from 30 t o  50 

pentaborane i n  a long-range, ram-jet powered aircraft; the   vdue  depends 
'd percent  greater  than  that of a hydrocmbon f u e l  for either  diborase or 
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upon the additional-fuel-system weight assigned t o  handle the special  
f u e l  (ref's. 2 snd 3) . The boiling  points of diborane and pentaborane at 
sea-level  pressure are -Bo and 137O F, respectively.  Therefore, 
pentaborane  flight-type  fuel-system  weight  penalties and handling  prob- 
lems should  not be as severe as those  expected f o r  diborane. 

Experimental  investigations have indicated that the use of penta- 
borane ma,y resu l t   in   subs tan t ia l   ga ins   in  combustion s t ab i l i t y  because 
of the  improvement it affords to  flame speed and blow-out velocities. 
A small percentage of pentaborane in ethane increased the flame speed 
approximately  16-fold  over that of ethane  alone (ref. 4). The blow-out 
velocit ies (measured i n  a 2-in.  dim. ram-jet combustor) of pentaborane- 
hydrocarbon f u e l  blends increased as the  pentaborane  concentration in- 
creased  (ref. 5) . Blow-out velocit ies of a 25-percent  pentaborane- 
hydrocarbon blend-were equal t o  the blow-out velocit ies of propylene 
oxide, a high-flame-speed.fue1. Therefore, wide engine  operational 
limits are  anticipated  for  pure pent.aborane. 

One of the problems anticipated In the  use of fuels  containing boron 
is  the forma.tion of sol id  boron  oxide  deposits on surfaces exposed t o  the 
combustion products. Although the boron  oxide would exist as a 1iquid.or - 

vapor at combustor temperatures of interest ,  the oxide  could exist near 
the combustor w a l l s  in  the solid state, o r  the liquid  oxide  could be 1 

frozen a s  it made contact with the  combustor wall. In short-duration 
tests i n  2-inch-diameter combustors burning  diborane (ref. 3) and 
pentaborane-hydrocazbon blends (ref 5) , boron oxide collected on the 
conbustor walls, but the deposits were of insufficient-   quantity  to  inter-  
fkre  with normal operation of the combustor. 

. . . -  

V 

Fl ight   t ea t s  using pentaborane f u e l  were planned f o r  ram-jet  vehi- 
cles of a previously  investigated type fp which gasoline was  used (ref 8. 
6 and 7) These vehicles were 16-inch-diameter, fln-stabilized, unguided 
units launched from carrier  plane at high altitudes. The vehicles were 
self-accelerated. from subsonic t o  supersonic  speeds. However, the engine 
diameter was reduced t o  9.75 inches for this program with  pentaborane in 
order t o  conserve  fuel. The investigation  reported  herein w a s  initiated 
t o  develop a fuel-injector and flame-holder  configuration and fuel-  
handling  techniques  suitable for use in the 9.75-inch f l i gh t  -ne. 
Stable and efficient canbustion,  satiefactory  ignition of the engine, 
adequate  durability of conibustor components, and freedom from excessive 
solid  deposition w e r e  required  for  successful.f l ight tests. A model 
which simulated the flight engine from the downstream portion of the 
diffuser t o  the combustor exit was mounted i n  a connected-pipe f ac i l i t y .  
The tests encompassed a range of combustor-inlet  conditions  nearly as 
wide as those  predicted for the flight vehicle. The conditions  inves- 
t igated were--as follows: inlet-air pressure, 3.55 t o  29.9 pounds per 
square inch  absolute;  temperature 506O t o  704O R; air flow, 1.62 t o  
16.26 pounds per second; equLvalence ra t io ,  0.107 t o  0.927. The perform- % 

ante i s  reported  for-several   fuel-injector and flame-holder  configurations 
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and two conibustor lengths. Data f o r  the  best performing configuration 

proposed  engine i s  estimated from the combustion  performance of the best 
configuration. The experimental program was conducted from October t o  
December, 1953. 

8 are discussed in detail. In addition, the flight performance of the 

SYMBOLS 

The following symbols are used in this report: 

A cross-sectional area, sq f t  

B barrel thrust, lb 

+ thrust  coefficient, F/%+ 

cf combustor force  coefficient, F/P~+ b 

,b 

, 
C specific heat 

F t o t a l  stream momentum at nozzle exit, lb 

f/a fue l -a i r   ra t io  
m 

* 
g acceleration due t o  gravfty, 32.17 ft/sec2 

h enthalgy,  Btu/lb air  

J mechanical equivalent of heat, 778 ft-lb/Btu 

M Mach  number 

P t o t a l  pressure, Ib/sq ft abs 

P static  pressure,  lb/sq f t  abs 

9 dynamic pressure, Ib/sq ft 

R gas constant, ( f t - lb ) / (  lb) (%) 

Sa air specific Fmpulse f o r  M = I, sec 

Sf fue l  weight specific impulse fo r  M = 1, sec 
0 

T t o t a l  temperature, 41 
t s t a t i c  tempmature, 41 

w 
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t, 

v velocity,  ft/eec 

V specific volume, cu f t / l b  gas 

W weight -flow rate, lb/sec 

X weight r a t i o  of condensed products to t o t d .  products 

Y r a t i o  of specific heats 

9 combustor efficiency 

P density,  lb/cu f t  

cp equivalence ratio 

Subscripte : 

rD co w 

0 

1 

2 

2 ,b 

3 

4 

a 

C 

e 

f 

Q 

n 

P 

T 

t 

V 

free streem 

inlet plenum 

diffuser exit 

denotes  effective  conibustor-inlet conditions, coquted from deneity 

. " 

* 

at s ta t ion 2 and flow area q u a l   t o  maximum combustor moas- 
sectional area 

e 

combus.tor exit 

exit plenum 

d r  

condensed 

eflective 

f u e l  

gas . 

nozzle  throat 

constant  pressure 

based on t o t a l  temperature 

tats1 

constant volume 
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FUEL AND APPARATUS 

Fuel. - The f u e l  used i n  this investigation was obtained  through 
the cooperation of the Bureau of Aeronautics, Department of the N a v y .  
- 

w Values of several of the physical  properties of pure  pentaborme are 
0, shown i n   t h e  following table: cn 

Formula weight . . . . . . . . . . . . . . . . . . . . . . . . .  63.17 
Melting  point, (?F . . . . . . . . . . . . . . . . . . . . . . .  -52.3 
Boiling point at 760 mn Hg, ?F . . . . . . . . . . . . . . . . .  137.1 
Heat of combustion, Btu/lb . . . . . . . . . . . . . . . . . . .  29,127 
Heat of combustion,  Btu/cu f t  . . . . . . . . . . . . . . .  1,166,741 
Stoichiometric  fuel-&  ratio . . . . . . . . . . . . . . . . .  0.0763 
Density at 32O F, g/cc . . . . . . . . . . . . . . . . . . . . .  0.643 

Fuel-system and ram- je t  installation. - A diagram of the fuel   sys-  
t e m  i s  shown in  figure 1. The f u e l  task was  fitted with a siphon ex- 
tending t o  the bottom of the c y l i d e r  asd a gas M e t  located at the  top 
of the  cylinder.  Fuel was forced from the  tank by helium pressure, con- 
t ro l l ed  by a remotely  operated  regulator.  Fuel flow was  s t a t e d  and 

fuel-flow rate was governed by the pressure-flow  characteristics of the 
fue l   in jec tor  and by the  preset  helium fuel-tank  pressure. 

L 

* stopped  by a remotely  controlled,  pressure-operated  piston valve.  The 

The engine was mounted a8 shown i n  figure 2. Inlet and outlet  ducts 
were connected to  the  laboratory a i r  supply and t he  altitude exhaust sye- 
tern, respectively. The combustion air was metered, and then was throt t led 
by a remotely  controlled  butterfly valve. The combustor wall w a s  cooled 
by diverting a fixed portion of t he  incoming air (approxhately 80 per- 
cent)  through a 0.75-inch  annulus between the w a l l  and a cooling jacket 
before  entering  the englne. A window i n  the inlet plenum permitted v is -  
ual  observation  of the flame. 

The combustion products w e r e  discharged  into a barrel-type thrust  
target  mounted in  the  exhaust plenum. The gases, after being  cooled by 
w a t e r  sprays  located i n  the barrel and the vertical   duct,  passed through 
a f ixed-ba5f l e  separator and into ei ther  an exhaust stack and. muffler or  
the throat of an air ejector and muffler f o r  exhaust pressures below 
atmOSpheriC- . - 

Ram- je t  engine. - The 9.75-inch-dlameter  connected-pipe  engine used 
in   the  present   invest igat ion  ( f ig .  2) simulates the  internal  dimensions 

erences  6 and 7. The simulation begins a t  the  aft section of the diffuser 
4 of a scaled-down version of the  16-inch-diameter  engines  reported i n  ref- 
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and continues  to  the combustor exit .  The connected-pipe  engine at the 
lower alti$ude  test  conditions had a straight  pipe  exit .  However, i n  
order t o  improve the accuracy of the  thrust  measurements a t   Ugh-  
altitude  conditions, a 7.25-inch-diameter  convergent  exhaust  nozzle 
was used. 

The fue l   in jec tor  and the flame  holder were attached t o  the aft 
end of t he  diff user inner body, as shown in   f igure  3( a) . The fue l  in- 
jector had 24 ports of O.OSSO-inch-diameter, a l l  directed  contrastream. 
Three  ports were i n  each of elght  tubes mounted radial ly  on a central  
chamber. The ports were located so aa to   give a8 nearly  a homogeneous 
fuel-air   distribution in the  inner 85 percent of the conibustor area as 
poseible. The fuel  injector was located e inches upstream of the end 
of the  flame  holder. The flame holder was basically a V-gutter w i t h -  
30-percent  mea bloc-e (fig. 3( b) ) . However, the "V" is  extended 4~ 1 

inches upstream of the f u e l  injector. This fuel   injector  and flame 
holder gave the  best  performance of any of the  eight  flame  holders and 
f ive  fuel i n j ec to r s   i nves t igaw during the development program, which 
i s  discussed in  appendix A. 

CD 
CD 
N m .  

Ignition was provided by a magnesium f la re ,  2 inches  in diameter 
and 3g inches long, with a nominal burning timi af . sec6nds; The flare 1 

was cemented into a tube w h i c h  formed the center of the flame holder 
( f ig .  3(b)). The downstream (ignition)  face of the flare cohcfded with 
the- t r a i l i ng  edge of the flame  holder. 

I 

4 

In le t  asd exhaust plenum pressures,  combustion-air  orifice differ- 
ent ia l   pressure,   s ta t ic  and to ta l   p ressures   a t   s ta t ion  2, and s t a t i c  
pressures  at   station 3 (or n when an exhaust  nozzle was used) were 
sensed  by pressure  transducers. These pressures and the  strain-gage 
forces were indicated on an eight-channel  oscillograph which recorded 
the  data  continuously as a function of time. The qpstream orifice pres- 
sure was sensed by a pressure  transducer and was indicated on a self- 
balancing  potentiometer. In some of the teats,  duplicate  pressure meas- 
urements were obtained by using manometers- 

Temperatures,  recorded with self-balancFng  potentiometers, were 
measured with t h ~ c o u p l e s  at the foUowing stations:  -combustion-air 
orifice,  engine inlet, and conbustor  wall (six  separate thermocouples at 
location8 shown i n   f i g .  2 ) .  

. .  

.. 
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Teqeratures at various  stations in the f u e l  system w e r e  measured .. 
by  thermocouples, but  indicated on nomecording  potentiometers. 

PROCEDURE 

Choice of test conditions. - A proposed f l ight   path was  computed 
fo r   t he   f l i gh t  engine,  using .the data of reference 7 and assuming an 
exit temperature of 3000° R and a combustion efficiency of 90 percent. 
The eagine would accelerate from the  starting  condition of % = 0.56 
at 35,-000 f e e t   a l t i t u d e   t o  % = 2.0 at 13,500 feet a l t i tude  in 32.3 
seconds, a f t e r  which the fuel would be expended. Figure 4 show8 the 
anticipated flight path.  Conbustor-inlet tes t  conditions were chosen 
t o  simulate  the  flight  conditions ne= the start of t he  f l igh t ,  i n  the 
transonic  region (% P 1.1) , and  near the end of  the fl ight .  The f l i g h t  
conditions  selected  for  shultation are indicated on figure 4 and the 
required  combustor-operating  conditions  together with the actual test 
conditiona are l i s t e d  in  the following table: 

s 
CD cn 

I Anticipated f 1Lght conditions 
. .  

1 Connected-pipe conditions 
J 

POFnt Tz, p2, Equiv- We, T2 > P2, EqUiV- Wa, 
lb/sec r a t i o  

9z w s q  r a t i o  w s e c  OR Wsq 
alence 

(7 = 90% 

alence 
in. abs in.  abs 

1 

643 26.8 -43 14.4 680 27.4 43 l5.0 3 
537 10.2 -46 5-3 530 10.3 -45 5.4 2 
517 4-9 0.23 2.1 430 4.6 0-45 1.8 

Because of a limited air supply, the highest Mach  number of the projected 
f l i gh t  path that could be simulated w a s  about 1.6. Unsvsilability of 
refrigerated air produced an -let-temperature of about 90° F, which is  
too high f o r  exact simulatxLon of the f n i t i a l   p a r t  of the flight. 

Calibration. - The thrust-measuring  apparatus was calibrated  with 
dead weights  prior  to asd aornetlme8 after each run. A check of t he  
instrumentation was made before and after each run by obtainfng steady- 
state,  cold-flow data a t  several air flows and conbustor  pressures and 
comgaring the  recorded data wtth Ilranometer and gage readings. In addi- 
tion, the pressure-recording.equipment was subjected t o  a comprehensive 
calibration approximately  every f i v e  runs. The f u e l  flowmeter w a s  cU- 
brated wLth gasoline at €n te rva l s  during the investigation and the meas- 
urements  converted t o  pentaborme-flow rate by using a density-ratio 
correction  factor. 

T e s t  procedure. - Combustion air ' n s  pass& through the apparatus 
i before  each run t o  permit the  inlet ducting t o  approach equilibrium tem- 

perature and to  obtain  cold-f low data. The air flow and the exit plenum 
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pressure were preset at the desired test  condition and the   fue l   l ines  
were purged with helium. Pressure w a s  applied to the   fue l  tank and the 
recorder  chart  drives were turned on. The flare was then ignited and 
the fueL..valve was opened. 

. .  

.. 

A t  low-altitude teat  conditions, where fuel-flow rates were high, 
the air  flow was varied,  i n  steps of decreasing flow, at about  5-second 
intervals, and then  increased t o  the open-throttle  starting  condition. 
After a short time .interval   the   fuel  was shut  off.  For  high-altitude (D 

test conditions, the fuel-flow  rates were sufficiently low t o  permit a 
longer  run-without  conamption of a large amount  of fuel.  Sufficient 
t i m e  was then  allowed after ignition  to  permit the manometers t o  achieve 
equilibrium  conditions. A t  each air flow, the manometer readings w e r e  
recorded, either manually or  photographically, after which the ai r  flow 
was decreased and another steady-state point  taken. The fuel-flow  rate 
was then  decreased, a final steady-state point taken, and the  fuel  shut 
off.  

a3 cu rn 

Immediately after the f u e l  w a s  shut off, helium was purged  through 
the fuel   in jector  and fuel-supply lines downstream of the  fuel  shut-off 
valve.  after a 5-minute helium purge, the system w a s  purged with gaso- 
l i ne  and then  again wfth helium. The engine w a s  then disassembled and 
inspected  for material failure and oxide  deposition. 

DATA REDUCTICB 

Data point-e-were selected from the  continuous  records at conditions 
where the air- and fuel-flow rates, thrust, and combustor pressures were 
ei ther  constant-r almost so. The combustor-inlet  conditions were cal- 
culated assuming isentropic diffusion of air from the end of the  diffuser 
t o   t h e  m a x i m u m  combustor area. 

By determining the equivalence r a t i o  'Pideal, w h i c h  should  theoret- 
i ca l ly  yield tg, a combustor efficiency  factor can be defined: 

The combustor efficiency q compmes the theoretical  amount of fuel  with 
the actual amount  of fuel  required  to produce a given thrust level. It 
includes the ef fec ts  of ineff ic ient  burning i n   t h e  combustor, nozzle 
losses, heat losses   to  the combustor walls, and possible losses due t o  
the flow  characteristics of the  heterogeneous  exhaust  products. The 
values of t3 and & are obtained from the re lat ions 
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Equations (2) and (3) axe presented i n  appendix B and their use i s  ex- 
plained in  appendix C. 

The parameters  used to  evaluate the f u e l  performance were air and 
fuel   specif ic  impulses. They are a measure of the thrust-producing 
capability of the fuel-engine collibination and sccount for the therm- 
dynamic characterist ics of the exhaust products. Air apecific  impulse 
i s  given by 

w h e r e  F f o r  the experimental data is der ived  In  reference 8 and i s  
expressed by 

F =I B + p4A3 (5) 

Values of (F/F*) f o r  various values of y3 and % are tabulated i n  
reference 9. The fue l   spec i f ic  impulse is given by 

The combustor pressure  losses were coquted as the dimensionless 
r a t i o  P2 - P3/ s ,b  and are customarily  expressed as a function of the 
density  ratio  across the combustor: 

Another methcd of 
bustor i s  by  using the 
in  reference 10. This 

e v a l u a t i n g  the thrust   potent ia l  of a given con- 
combustor force  coefficient,  derived and explained 
coefficient 

F 
cf =e '24,b 

simglifies the accounting for the various pressure  losaes in the com- 
bustor. In  addition, it i s  independent of a l l  combustor environmental 
variables  except inlet Mach number. 
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The predicted performance of the f l i g h t  engine was calculated from 
the experimental  values of the  combustor force  coefficient. With &ai- 
t iona l  data from reference 7 for  diffuser  pressure  losses,  values  for 
the t h r u s t  coeffricient and the corresponding specific f u e l  condumption 
w e r e  determined. The thrust   coefficient was calculated as follows: 

L. 

PRECISION OF DATA 

The primary parameter, combustor efficiency, used t o  express com- 
bustor performance was determined from thrust  ~measurements. The air 
specific impulse  values were also computed after determining the exhaust-  
gas stream t o t a l  momentum. Reference 8 points  out that the thrus t  barrel 
provides  an  accurate method of determining  thrust,  particularly at low 
values of nozzle  expansion ra t io .  Thus, the error i n  B depends on the 
accuracy of the instrumentation: The high-response-rate  recording 
instruments had an error  of rtz percent at full-scale reading. 

s 

For tests at simulated Loxlalt-ltude  conditions,  the  exit plenum 
pressure p4 -6 obtained from atmospheric pressure and the difference 
between atmospheric  pressure and p4. Since the difference value was i n  
error by only 2 percent, the value of p p  had only 1/2 percent-error. 
Although steady-state calibration checks w e r e  made at high-altitude con- 
ditions, the error remained an estimated 1/2 percent. The expected error 
i n  the t o t a l  stream momentum B + p4A3 .was of the order of 2.5 percent. 

.d 

. .  

By careful  choice of instrument ranges, the probable error i n  the 
air-f  low measuremen% was maintained at about 1 percent  for a l l  test 
conditions. The fuel-flow  error was maintained to  within 2 percent. 
Thus, the air specific impulse was estimated t o  be i n   e r r o r  by 3.5 
percent. 

The combustor-outlet-velocity depended on the thrust  measurement 
and the t o t a l  mass flow through the engine. Errors i n  this velocity 
were estimated a t  3 percent. m o r s  i r . t h e   o u t l e t  temperature  (which l e  
obtained from the velocity) were estimat& at around 5 percent. 
examination of the  slopes of the  temperature - equivalence-ratio  curves 
for  pentaborane  presented i n  reference 11 shows the magnifying effect  
errors   in . the  out le t  temperature have on the  ideal  equivalence  ratio 
and, subsequently, on the conibustor efficiency. The error in ideal 
equivalence r a t i o  was estimated at 17 percent  for temperatures in the 
region around 300O0-R where tlxe liquid exhaust  products  vaporize. This 

* 

I 
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corresponds t o  a 20 percent  error  in  the combustor efficiency. Opera- 

produced the same magnitude of error. The e r ro r   i n   i dea l  equivalence 
r a t i o   f o r  the remainiw  temperature  regions was only about 9 percent 
with a corresponding error of 12 percent i n  the combuator efficiency. 

* t ion  in the  region of out le t  temgeratures of  approximately 5O0O0 R also 

RESULTS AND DISCUSSION 

Connected-Pipe  Performance 

The engine development program (appendix A) included an investiga- 
t i on  of the  effect  of f i v e  f uel-injector  configurations,  eight flame 
holders, and two conibustor lengths.  Resulting from this program was a 
combustor configuration which exhibited  the  beat over-all performance of 
the configurations  investigated. It contahed the  following comgonenta: 
fue l  injector  C (f ig.   17(c)),  24 fixed-area  orifices  directed  mntra- 
stream; flame holder H ( f ig .  18( h) ) , an elongated  V-gutter-type  blocking 
30 percent of the combustor area; conibustor of 45 inches  length;  igni- 
t i on  device, a 2-Fnch-diameter, 3@nch-long, centrally mounted  magnesium 
f l a re .  The advantages of such a design  are as follows: Because of the 
high  reactivtty of the fuel,  burning upstream of the reax face of the 

holder. By maintaining  pasaages of constant .area between the fue l -  
injector  station and the downstream end of the flame holder, a high ve- 

ency f o r  burning upstream of the end of the flame holder and fmproves 
the  atomization of the  f u e l .  In addition,  the elongated "V" design 
produces a sheltered zone  of constant mea. even though it i s  progres- 
s ive ly  burned away from its downstream end. Table I presents the   p r i -  
mary data and the following paragraphs d i s c u s s  the performance obtained 
with this combustor configuration. For high-altitude conditions (start 
of f l i g h t   t e s t )  a 7.25-inch-diameter  convergent  exhaust  nozzle w a s  added 
t o  improve the  accuracy of the  thrust  determination. A t  law-altitude 
conditions, same data were obtained  without a flame holder. 

* flame holder wa8 anticipated  to  cause  burnout of a simple V-gu t te r  flame 

I loc i ty  i s  produced st the fuel-inJector  station- This reduces  the tend- 

Conibustor efficiency. - Combustor efficiency of the best-performing 
configuration i s  shown in f igure 5 as a variation of equivalence ra t io .  
Points  obtained in  less than 2 .O seconds from the s t a r t  of each run w e r e  
ignored when fairing  the  curves and are  presented oniy  t o  show that the 
engine was q to  operating  conditions in a short length of time. 

The combustor efficiency was above 85 percent  throughout  the  range 
of test conditions, w h f c h  included  equivalence  ratios from 0.107 t o  

the proposed flight  condition, and are  presented in f igure 6 as a f unc- 
t i on  of combustor-inlet  pressure. The combustor efficiency  increased 
from 89 t o  96 percent as the inlet  pressure  increased from 5.7 t o  28.3 

c 0.927. These data were cross-plotted a t  an equivalence  ratio of 0.45, 

* 
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pounds per  square  inch  absolute.  Combustor-inlet  temperature and veloc- 
i t y  varied, i n  addi t ion  to  the combustor pressure,  &-the  effect8 of z 

these variables are included i n  the data of figure 6. 

A i r  specific.impulse. - A i r  specific  inqulse i s  presented as a 
variatinn of equivalence r a t i o  in  figure 7. Included in figure 7 are 
ideal pentaborane  performance  curves fo r  the combustor operating  condi- 
t ions -encountered i n  the experimental work. The air specific impulse 
increased with increasing  equivalence  ratio. It remained near  ideal u) 

values  throughout the range of equivalence rat ios   despi te   the wide range 
of inlet conditions. Impulse values of 90 and 175 seconds were achieved 
with pentaborane at equivalence r a t io s  of 0.10 and 0.93, respectively. 

a co 
Kl 

Fuel  specific impulse. - The variation of the reciprocal of f u e l  
specific impulse (specif ic   fuel  cansumption) with atr specific  impulse 
i s  shown on f igure 8. Again, ideal curves for- pentabofae Eire presented. 
The ac tua l   fue l  cansumption does  not  exceed the theoretical  by more than 
15 percent- a t  any of the  conditions  investigated. 

Combustor-inlet  conditians. - Conibustor-inlet  conditions  of  pressure, 
velocity, and Mach number are presented i n  figure 9. The  inlet tempera- 
ture remained constant fo r  each run. Curves o f  constaqt  fuel flow we 
drawn through the data points. The conibustor-idet  conditions ranged as 
follows: pressure, 3.5 t o  30.0 pounds per  square  inch  absolute;  veloc- 
i ty ,  142 t o  265 fee$ per seem; Mach  number, 0. I28 t o  0.211; and t e m -  
perature, 46' t o  200' F. 

* 

T 

Combustor pressure loeses. - The combustor total-pressure loss be- 
tween stations 2 and 3 i s  shown i n  figure 10. The solid llne drawn on 
the figure  represents the sum of the  theoretical  momentum pressure  losses 
due t o  heat- addition, and the  isothermal  pressure  losses as determined 
by cold-test  data. This curve of predicted  pressure loss is followed 
closely by the measured pressure losses. The considerably maller pres- 
sure  losses of runs 8 and 9 are t o  be expected,  since runs 8 and 9 were 
made without a flame holder- 

Combuetor force  coefficient. - Shown in figure 11 i s  the variation 
of combustor force  coefficient  with  combustor-inlet Mach nuniber. Theo- 
r e t i c a l  curves of cozribustor force  coefficient  both with a 7.25-inch- 
diameter exit nozzle and without an exit nozzle  are  presented  for com- 
bustor  fr ictional  total-pressure lOSSe8  of 0, 2, and 4q. Experimental 
pressure  losses,  excluding  those due t o  heat  addition, are seen t o  vary 
from 0 t o  3q under operating  conditions  both with and without an exi t  
nozzle. Experimental data fo r  the  7.25-inch-diameter exit nozzle were 
obtained a t  an exit Mach  number of i.0. The value of the combustor 
force  coefflcient  to be used in  the  predicted  flight-performance  coqu- 
ta t ions may be considered  constant at  0.972 for the r e e  of conditions 
of interest ,   since  the proposed fl ight  vehicle has no exit nozzle. I 

% 
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Solid  deposition. - After each run solid  deposits were found on all 
internal  surfaces of the combustion chamber including  parts of the  fuel  
injector and the flame holder.  Typical  deposits on the  fuel   in jectors  
and the flame holder are shown i n   f i g u r e  3, while  the  deposita on the 
combustor walls are  typified  by  those shown i n   f i g u r e  12. In general, 
the total  deposits  increased as t h e   t o t a l  f u e l  used per ru~l increased 
and as  the  simulated  altitude  increased. Maximum deposit  thickness on 
the combustor wall w a s  about 1/8 inch. An analysis of deposition  effects 
based on deposits found d t e r  each  run was complicated by several  fac- 
tors :  . (1) Equilibrium was probably  not  obtained in the  short-duration 
runs; and (2)  the appearance of deposits during combustion probably was 
quite different  from deposits  existing  after  the  run,  since  residual 
f u e l   i n   t h e  line continued t o  burn after the  purge  cycle vas started. 
The deposits did not measurably affect  the engine  performance,  since  the 
combustor pressure  losses did not increase with time during  the  runs 
( table  I). 

Ignition. - The single magnesium flare provided  satisfactory igni- 
t i on  f o r  the entire  range of conditions  investigated:  equivalence r a t i o ,  
0.10 t o  0.52; conibustor-inlet static  pressure,  4 t o  30 ounds per  square 
inch  absolute; and i n l e t   s t a t i c  temperature, 46' t o  217 g F. The 
combustor-inlet  velocities  associated with the  starting  conditions w e r e  
higher than the normal inlet   veloci t iee  Usted i n   t a b l e  I- Shift of 
flare position from the  center to the wall o r  to  near the ex i t  had no 
effect.  Direction of the f la re   a l so  produced no noticeable  effect on - ignition. 

Attempts made t o  ignite without a flare resulted in autoignition at 
the s l m u l a t d  low-altitude  condition.  Autoignition did not occur at 
simulated  high-altitude  conditions. 

Engine durability. - No engine damage was visible i n   t h e   f i v e  short  
tests  presented. In general,  the  cooling system W ~ E  adequate  for  the 
short-durations  tests that were employed, although  the  external combustor- 
w a l l  temperature, measured 1- inches upstream of the  exit ,  was s t i l l  in- 
creasing st the end of a run (table I). 

3 
4 

Combustion s tab i l i ty .  - A t  all the  conditions  investigated, combus- 
t i on  was smooth snd stable. Stable combustipn also occurred  throughout 
t h e  combustor  development program described i n  appendix A f o r  several of 
the combustor configurations. The exceptional  qualities of the  f u e l  were 
further demonstrated  by  the  continued burning of f u e l  being purged  from 
the  l ines   into the burner. The flame was observed t o  gradual ly  dim, and 
at no time did a sharp flame-out Occur; thus burning was sustaLned at 

t extremely low f uel-air   ratios.  
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Estimated Flight Performance 
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Thrust  coefficients and apecif ic   fuel  consumptions w e r e  computed 
for the fl ight  vehicle by using  experimental data presented  herein to  
determine thrust va lues  and data from reference 7 for  diffuser  pressure- 
losses. 

SFmulated flight  conditions. - The ranges of the  combustor-inlet 
parameters  encountered  during-the  investigation  corresponded t o  three 1D 
widely  separated f l i g h t  test condLtiOn6. As indicated i n  figure 4, these 
conditions Simulated f l i gh t  free-stream Mach numbers of 0.67, 1.10, and 
1.63, corresponding t o  altitudes of33,000, 26,000, and 17,500 feet ,  
respectively. Also chosen for  analysis w&s the  condition a t  the diffuser  
design Mach  number of 1.80 f o r  an al t i tude of 15,500 feet.  .Since the 
necessary  experimental data a t  a Mach number of 1.8 w e r e  unavailable, 
experimental data f o r  a condition  simulating Mach 1.63 were used. For 
each  condition,  then,  values of thrust   coefficient and specif ic   fuel  
conswaption w e r e  determined fo r  an operating  equivalence-ratio  range of 

co 
N 
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0.2 t o  0.5. . . - . . . . . . . . . -. . . - ... . .. . - 

Thrust  caefficient. - Figure 13 presents the v q i a t i o n  of the thrust  
coefficient  with  equivalence  ratio  for  four  f l ight Mach numbers. For the 
equivalence-ratio range of 0.2 t o  0.5, the  coefficients  increase with 
increasing f u e l  flow. Inflectians of the two lower curves me due t o  the 
vaporization of liquid  oxide i n  the exhaust stream i n  the temperature 
region involved. A cros8  plot of f igure 13 at the proposed  operating 
equivalence r a t i o  of 0.45 is presented in  figure 14. For the flight 
operating  condition,  the  thrust  coefficient  increases as the f l igh t  Mach 
n W e r  increases. N e a r  the end of the  f l ight ,  at the design Mach nupiber 
of 1.8, the  thru8t”coefficien-t starts t o  l e v e l  off sharply at a value of 
0.8. 

Thrust  specific  fuel consumption. - Thrust  specific  fuel consumption 
i s  presented i n  figure 15. Fuel consumption rises with increased 
equivalence-ratio  operation. It also  appears to r i s e  when the equiva- 
lence  ra t io  is  eufficiently lowered. Figure 16 presents the f u e l  con- 
euMption along the. flight path f o r  the proposed  operating  equivalence 
r a t i o  of 0.45. The . fuel .  consumption drops  off  sharply at the beginning 
of t he   f l i gh t  and levels off at a fuel con6Lzmption value of 2.1 pounds 
of fuel per hour per pound thrust  towards the end of the flight. 

SUMMARY OF RWULTS 

An investigation of a 9.75-inch-diameter  connected-pipe rem- j e - k  
engine using pentaborme  fuel w a s  conducted t o  develop a conibustor con- 
figuration and f u e l - W i n g  techniques  suitable  for  use i n  a f l i g h t  
engine. The results are as follo.ws: 



w 
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1. A combustor was developed f o r  pentaborane f u e l  that provided 
acceptable combustion perfOmaUCe fo r  equivalence r a t io s  between 0.107 
and 0.927 f o r  combustor-inlet  pressures between 3.6 and 29.9 pounds per 
square inch  absolute, and f o r  combustor-inlet  temperatures between 46' 
and 200° F. Conibustion limits w e r e  not  determined. 

2. Combustor eff ic iencies  of 89 and 96 percent were obtained at 
combustor-inlet  pressures of 5.7 and 28.3 pounds per square inch absolute 
fo r  an equivalence r a t i o  of 0.45. 

3. An air specific impulse of 175 seconds w a s  obtained at an equiv- 
a lence  ra t io  of 0.93. 

4 .  When evaluated under burning  conditions,  the combustor f r i c t iona l  
pressure  losses  ranged from 0 to 3q (where  q i s  aynamic pressure). 

5. Ignition of the ram-jet engine was, successfully  sccoqplished by 
an e lec t r ica l ly  fired magnesium flare at pressures of 4 t o  30 pounds per 
squue  inch  absolute  over an equivalence-ratio range of 0.10 .to 0.52. 

6. The deposition of sol id  combustion products w a s  confined t o  a 
thin  layer on the combustor w a l l s  and on the  f u e l  injector and flame 
holder.. This deposition did not  affect the combustion  performance f o r  
the small amounts of f u e l  used in  each test. The durabi l i ty  of a l l  com- 
bustor  parts was  satisfactory. 

7.  The f l i g h t  performance of a 9.75-inch-diameter ram-jet engine 
w a s  estimated  from  the combustion  performance reported herein and dif- 
fuser  recovery data obtained from ram- jet engine data reported  previ- 
ously. 

L e d  s Flight  Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, September E, 1954 

c 
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APPENDIX A 
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The program presented  herein was directed towards the development 
of a combustor for use i n  a psrticular  f l ight  vehicle.  The f l i gh t  vehi- 
c le  was a scaled-down model of a type  of ram-jet engine  investigated i n  
references 6 and 7.  Reduction  of the  engine diameter t o  9.75 inches wae 
necessary In order t o  conserve fiel, which was ava i lab le   in  Umlted quan- (u 

t i t i e s .  The t o t a l  amount of fue l  used i n   t h e  program, configuration de- 
velopment and evaluation  of final design; was 92.8 porn&. Eight flame 
holders, f i v e  fuel  inJectors, and two combustor lengths were investigated 
(figs.  17 and 18). The combustor efficiencies achieved by the  various 
cozribustor configurations is  presented  against  equivalence  ratio i n  f ig-  
ure 19. 

co co 

M 
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Location of the  fue1,system i n  the diffuser  center body of the 
flight  vehicle  suggested  the  use of a single-point  injector mounted on 
the af% end  of the  diffuser. This injector was a pintle-type  nozzle 
wi th  the   p in t le  grooved t o  produce eight a t r e w  of fuel.  This  inJector 
with a 50° shroud (rig.  17(a)) was tested  with flame holders A, B, and C 
(fig.  18) ) . Only flame holder B .(represented in fig.  19 by  run 3) gave 
resul ts  high enough to  be  plotted.  

L 

c 
These  poor results  fndicated that a homogeneous fuel-air  distribu- 

t ion  was perhaps more desirable  than locally fuel-rich zones. Data i n  
reference 1 2  suggested the  use of multiple  orifices,  injecting  contra- 
stream t o   t h e  a i r  flow. Fuel  injector B, 12 orifices,  was used  with 
flame holder A In run 4+ the resu l t s  of which are  shown i n  figure 19. 

F h e  holders D and E were attempts t o  -her atomize the fie1 
spray by providing a high-velocity  region  around  injector 3, s t i l l  re- 
taining  the V-gutter flame-holding qualit ies.  These designs improved 
the  efficiency  slightly, as indicated by runs 5 and 6 [fig. 19). Better 
spray  characteristics and distribution were obtained  with  injector C: 
8 spokes, 24 orifices,  contrastream.  Results  without a flame holder are 
indicated by run 7. 

Increasing  the combustor length f r o m  27 inches t o  45 inches  greatly 
improved the  efficiency over run 7, as indicated by rum 8 and 9. Al- 
though the  efficiencies of runs 8 and 9 indicated a flame holder was not 
needed, use  of flame holder H was necessary to   insure  smooth operation 
at   the  start ing  conditions of the   f l igh t  test (400° R a d  3- 72 lb/sq 
in.  abs.). The efficiency did not  noticeably change with the  addition 
of the flame holder. This f3ame holder and fuel injector C provided the 
final design, t o  be evaluated  further and  used i n  the  flight vehicle. 

O t h e r  configurations were injector D used with splash plates  and 
located upstream of flame holder F, and fuel   inJector  E with flame hold- 
er G. These results are represented by runs 10 and U, respectively. 



NACA RM E54116 17 

AP-IX B 

THERMODYNAMICS OF FLOWING GAS S " s  CONTAINING F m Y  DIVIDED 

In this   report  it has  been assumed tha t  any par t ic les  of condensed 
boric  oxide are suff ic ient ly  small t o  be i n  both velocity and t q e r a t u r e  
equilibrium with the flowing gas. The assumption has also been made 
that the volume of solLds i s  negligible. The conventional  equations f o r  
compressible flow can be writ ten f o r  gas  streams  containing  finely di- 
vided particles  provided (1) allowance i s  made fo r  the w e i g h t  r a t fo  X 
of condensed products to t o t a l  products, and (2)  the  value of i s  
defined as 

where 

and 

- 
% = XC, + (I - x) (a - ;) (B3) 

Flow equations  for  the two-phase  system then may be  expressed as follows: 

Isentropic  pressure-temperature  relatione: 
- r - 

P1  

Speed of sound: 

P = - x) TgRt 
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Mach  number : 

M =  v 
d(1 - x> 

Ratio of t o t a l   t o   s t a t i c   t e a e r a t u r e :  

Velocity  resulting from Isentropic expansion of mixture: 

Equation of continuity: 

or 

wt-= 

Momentum equation: 

F =I p A  (1 + T&) 
or 

NACA RM E54116 
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CHARTS FOR DE-G STATIC COMBUSTION TEN€" AM> THERMAL 

? 

PROPERTIES OF COMBUSTION PRODUCTS OF PEX!7TABOm 

Combustor-outlet s t a t i c  temperature. - Reference U presents  curves 
of combustion temperature, f o r  which negligible  velocities a t  both  the 
conibustor inlet & outlet  are assumed. In actual  practice, the high 
combustor-outlet  velocity  muses the kinet ic  energy t o  be an appreciable 
f ract ion of the t o t a l  energy  possessed by the gases. The static 
combustor-outlet temperatures will then be less than those  indicated  by 
the curves  of reference Kl. T h i s  reduction i n  combustor-outlet s t a t i c  
temperalxre may be accompanied i n  some cases by shifts i n  chemical and 
physical  equilibria. The s t a t i c  temgeratures wi th  appreciable  velocity 
then  cannot  be related t o  the temperature data of reference ll for  z e r o  
combustor-outlet  velocity by the conventional  relation: 

- 

t M =  
'(M= 0) 

In   par t icular ,  th i s  expression i s  unsuitable when a boron-containing 

oxide ase formed simultaneously. It i s  therefore  necessary t o  allow f o r  
the  kinet ic  energy of the conibustor products when the s t a t i c  combustion 
temperature i s  determined f o r  boron-containing  fuels. 

- f u e l  i s  burned at temperatures such that both  liquid and gaseous boric 

A series of curves has been devised f o r  the conibustion products of 
pentaborase-air mixtures by mema of which the s t a t i c  conibustion temper- 
ature can be determined f o r  an appreciable  combustor-outlet  velocity. 
Allowance is made for the kinet ic  energy of the exhaust  gases  by  sub- 
t ract ing this energy from the combustor-inlet air enthalpy,  thus  yield- 
ing as effective combustor-inlet air enthalpy 

vz3 
ha,T,2 - 2gJ 

Figure 20 may be used t o  determine  the  value of the actual  inlet-air 
t o t a l  enthalpy from the in l e t - a i r  total temperature. 

The variation of combustor-outlet s t a t i c  temperature with combustor 
c static-pressure for   effect ive inlet-air enthalpies of 110, 245, and $45 

Btu per pound a i r  i s  presented in figures  21(a), (b) , md ( c) , respec- 
t i v e l y .  For intermediate  inlet-air  enthalpies, the data of figures 
Z1( a), (b) , and (c) .may be cross-plotted on an i n t q o l a t i o n   c h a r t   ( f f g .  
21(d) ) . Some examples will i l l u s t r a t e  the cross-plotting  techniques 
and use of the curves. 

- 
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Assume that the variation of out le t  temperature with effective 
inlet-air enthalpy is desired for  8 range of equivalence  ratios a t  an 
ou t l e t   s t a t i c  pressure of 2 atmospheres. This family of curves is con- 
structed on the interpolation  chart  (fig. 2 l (d ) ) .  To aid the  construc- 
t ion  of these curves,  included on the chart i s  a family of curves  rep- 
resenting the variation of the .saturation temperature with effective 
inlet-air  enthalpy at various combustion pressures. 

-. 

A t  aa equivalence r a t i o  of 0.3 and a combustion pressure of 2 at- eg 
mospherea, conibustion temperatures of 2380°, 2785O, and 3160' R are read 
from figures 21(a), (b), and (c),  respectively. These temperatures  are 
plotted on the Fnterpolation char t  and &re connected  by the curve ABC. 
All three  points   l ie  in  the two-phase region,  since the curve on  figure 
21(d) does  not  cross the 2-atmospheres pressure line. 

03 
N m 

When sufficiently high equivalence r a t io s  are reached, the tempera- 
tu re  on one or  more of the pressure-temperature c h a r t s  may l i e  in the 
gaseous  region, or above the  saturation line. A t  an equivalence r a t i o  
of 0.48 and 2 atmospheres  pressure, tenIper8hWeS of 3190°, 3370°, and 
3920' R are read from figures 21( a), (b) , and (c) , respectively. The 
latter two points l i e  in  the- gaseous  region and can be connected Kith 
reasonable  accuracy by a straight line Dl?,. Extending l i ne  DE b- the 
2-atmospheres.pressure  curve determines the  point G at which l iquid * 

starts t o  condense. The variation of temperature with enthalpy Fn the 
two-phase region i s  not linear. Since only two points axe available t o  
determine  the remainder of the 0.48 equivalence-ratio  curve, a curve FG 
must be approximated  by the  straight line FG. . , 

c 

Only one point, K, at 89 equivalence r a t i o  af 0.40 lies i n  the  gase- 
OUB region.  Point J i s  located by drawing a l ine  through K paral le l  t o  an 
equivalence r a t i o  line having two points i n  t h e  gaseous  region,  such as 
m, and t o   t h e  proper conibustion pressure curve. A smooth 
curve HIJ may be drawn in the two-phase region to complete the lfne HlXK. 

Thermal properties of combustion products. - Three thermal proper- 
ties, r a t io  of specific heats y, gas constant R, and weight r a t i o  of . _  - 
condensed products t o  t o t a l  product s X are presented. i n   f i gu re  22, 
which i s  similar to   f igure  2 1  f o r  combustion temperature. Values of 
these  pro-gerties as a function of effective inlet-air enthalpy a-i- 
ous pressures and equivalence r a t io s  are ob€ained by the use of the . 
accompanying interpolation  chart. Examples at the same conditions  ae i n  
the previous  discussion will i l l u s t r a t e   t he  use of these  charts. 

Consider 811 equivalence ratiu of 0.30 at  B pressure of 2 atmos- 
pheres. Values of 54.93, 54.87, asd 53.38 foot-pounds  per pound ?R f o r  . 
the gas constant f r o m  figures 22( a) , (b) and ( c)  respectively, me 
plotted as points A, B, and C on the  interpolation  curve  (fig. 22( a)) . 
A smooth curve ABC may be drawn through the  three  points  since a l l  l i e  
i n  one region. A t  an equivalence r a t i o  of 0.48, the point of t ransi t ion 



WACA RM ES4I16 21 

from two phases t o  a single phase must be  determined. Values of R from 
figures  22(b) and (c)  , plotted as points D and E on the interpolation 
chart, l i e  i n  the gaseous  region and may be connected b$ a s t r s fght   l ine  
DE. &tending line DE t o  the 2-atmospheres pressure  curve determines 
the  transition  point G f o r  a combustion pressure of 2 atmospheres. The 
remaining  point, F, i n   t h e  two-phase region, m a y  be connected t o  G by a 
straight line, although FG should properly be a curved line. A t  an 
equivalence r a t i o  of 0.40, o n l y  point K lies in the  single-phase  region. 
The transit ion  point J is determined by extending  a line para l le l  t o  GDE 

I 

w from K t o  the 2 -atmosphere pressure  curve. A smooth curve now can be 
cn dram t o  connect the  other  points, H and I, with J. a, 

The families of curves of X againat  pressure are handled in  the 
same  manner as R. The values of X in the single-phase region me a l l  
zero.  For the same equivalence  ratio and pressure,   the  transit ion  point 
occurs a t  the same effective  inlet-& enthalpy as it dfd for the gas 
constant R. The remaining pofnts are connected t o  the transit ion  point 
by a smooth curve. A t  2-atmospheres pressure, m equivalence  ratio of 
0.30 i s  represented by the  cmve A'B'C', and an equivalence r a t io  of 
0.40 by the curve H'I'J'K'. 

Values of the r a t io  of specific heats y do not vary greatly with 
effective  enthalpy. It has been found adequate t o  construct smooth 
curves on the  interpolation  chart. However, the r curves  should undergo 
a change i n  shape at the  transit ion  point.  Examples of two equivalence 
r a t i o s   a t  2-atmospheres pressure are presented. !l?he broad black bands 
appearing on t w o  of the pressure-r families of curves  represent an area 
in w h i c h  the  equivalence-ratio  lines are grouped too  close  together t o  
bear reading  or  labeling. Values in t h i s  region are selected from the 
midpoint of the band. 

The preceding methods may also be used to  determine the temperature 
and the  thermal  properties a t  any stat ion i n  the exhaust nozzle. The 
s ta t ic   pressure must be known a t  the  particular  station  involved. 
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Figure 9. - Combustor-Inlet  conditions. 



-. . . . . -  .. . . ." .. .. . . . .  ~. . .. - . . . . , . . . -. . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . .  

14 16 

w 



NllCA RM E54116 - 35 

1.1 

1.0 

.9 

.% 

preesure lose 
due t o  f r ic t ion ,  Without ex i t  nozzl 

I I With 7.25-In. ex i t  nozzle I I I I 
.7 

.6 

.5 

Ccrmbmtor-inlet Nch number, % 
Figure 11. - Effect of combustor-inlet c o d i t i o n s  on ombustor 

,b 

f W C 8  C O 8 f f i C i 8 J l t .  



(a) Simulated low  altitude. 

Figure 12. - C a p o ~ i t ~  OD combustor m11. 
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(b) Simulated high altitude. 

Figure 12. - Cmluded. &posit8 011 combustor wall. 
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(a) 'Fuel Injector A: pintle n o z z ~ . ~ I t h - 5 ~  shroud. 

(b) Fuel injector E: 12 orifice; (c) Fuel injector C: 8 spoke; 
6 spoke, 0.0550 inch diameter; 24 orifice; 8.0550 inch diameter; 
contrastream  injection. contrastream  injection. 

(a) Fuel injector D: 24 orifice tube; 
0.0550 inch diameter; radial injection. 

(e) Fuel injector E: 5 point; pintle . - 

nozzle;  downstream  injection. 

Figure 17. - Fuel injectors. 
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(a) Flame holder A: annular V - g u t t e r ;  
30-percent  blocked area. 

(c) Flame holder C: can type; 
133"percent open area. 

(e) Flame holder E:. radial  V-gutter; 
6 elements,  50-percent  blocked area-. 

I- 

( g )  Flame holder G: annular V-gutter; 
40-percent  blocked area. 

Figure 18. 

(b) Fhme holder B: shrouded can; 
65-percent open area. 

(a) Flame holder D: radial  V-gutter; 
6 elements; 3Gpercent blocked area. 

(f) Flfme holder P: crossed V-gutter; 
40-percent  blocked area. 

(a) Flame holder H: radial  8-gutter; 
8 elements; 30-percent  blocked S m .  

j-ET=iq - Flame holders. 
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